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Dataset link: Database with measurements of Dynamic simulation has become an essential tool for energy and daylighting simulations in buildings. However,
reflectance and transmittance of glazing researchers worldwide highlight the discrepancies between simulated and real performance in buildings. An
systems and materials for energy efficiency important limitation is that most databases used in simulation software only include measurements of diffuse

evaluation in buildings (Original data) reflectance and transmittance of glazing systems with directional-normal incidence. In this work, a methodology

for measuring spectral reflectance and transmittance for different angles of incidence of glazing systems has been

Igs}:rvgo;d:l;ﬁciency developed, and the measurements on a broad set of representative samples, for the spectral range 380 nm -
Fenestration 2500 nm with 5 nm resolution and for angles of incidence from 0° to 70° in steps of 5°, have been made publicly
Glazing available. A simple physics-based model has been proposed, which fits the measurement results with a standard
Optical properties error of the estimate (SSE) below 0.01 in most cases, and a method to apply a principal components analysis
Physics-based model (PCA) to the measurement data has been presented, which allows to the amount of data by up reducing 4 times
PCA

while keeping the relevant information. The results of this work aim to enable more reliable energy simulations
to improve the energy efficiency of buildings.
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\begin {align}R = \frac {\it \Phi _{{\textrm {r}}}}{\it \Phi _{{\textrm {i}}}}, \label {eq:reflectance_definition}\end {align}


\begin {align}T = \frac {\it \Phi _{{\textrm {t}}}}{\it \Phi _{{\textrm {i}}}}, \label {eq:transmittance_definition}\end {align}
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\begin {align}R = \frac {L_{{\textrm {r}}}}{L_{{\textrm {i}}}} = \frac {S_{{\textrm {r}}}}{S_{{\textrm {i}}}}F_{\tau }F_{{\textrm {mon}}}, \label {eq:reflectance_meas_eq}\end {align}
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1. Introduction
1.1. Impact of fenestration systems on the energy demand of buildings

Building is one of the concerning issues related to the route to-
wards decarbonization, as remarked in 2018 by the European Green
Deal [1] and supported by different energy efficiency directives towards
the nearly-zero energy buildings (NZEB) in the last decades [2]. Indeed,
buildings are one of the economic sectors of higher impact, represent-
ing almost 27% of the global final energy consumption [3]. According
to Eurostat, in 2023, 63.1% of the energy consumed in households in
the European Union (EU) was related to space heating and cooling,
while lighting and electrical appliances represented 14.5% [4]. Under
these circumstances, both thermal conditioning and lighting are the
most striking topics in energy consumption in buildings.

Lighting plays an important role in the reduction of energy demand.
Although its impact has been considerably reduced in the last decades
by the LED technology, in the residential sector half of the lamps are still
obsolescent [5], and the penetration of LEDs is still weak in other sectors.
The tertiary sector is especially concerning due to its long operating
hours and demanding conditions. Commonly between 17% and 40% of
the energy consumption is related to lighting in this sector [6,7]. Thus,
the optimization of daylight remains a key strategy for reducing energy
consumption in buildings.

In the case of thermal conditions, it should be highlighted that 60%
of the residential and 44% of the service sector covered floor area in
buildings are previous to 1980 [8]. This means that they were built be-
fore the first regulations on the thermal performance of buildings. Thus,
a huge building stock is inefficient from the thermal point of view and
they must be adapted to the new requirements. In this regard, the build-
ing envelope takes special relevance since it defines the thermal fluxes
between outdoor and indoor spaces [9].

Among the different elements of the envelope, glazing systems, es-
pecially windows, represent between 19% and 33% of the thermal loads
associated with the building envelopes [10,11]. The optimization of the
window systems may allow from 3% to 9% of the energy consumed
by buildings to be saved, according to the literature [12-14]. In this
regard, a realistic analysis of the envelope performance is essential to
forecast the most suitable strategies to reduce energy consumption in
the search for zero emission buildings (ZEB) [15-18]. In Spain, the en-
ergy saving associated with the fenestration could even increase up to
25% according to the IDAE (Instituto para la Diversificacion y Ahorro de la
Energia) [19], although it could achieve 86% in single-glazed buildings
[20]. Under this circumstance, double glazing arises as a necessity to
reduce the impact of fenestration in buildings [21]. Indeed, Forughian
et al. concluded that thermal loads can be reduced by up to 50% when
double-glazing systems are compared to single ones, which implies a re-
duction of 12.4% in the total energy consumption [22]. This percentage
clearly depends on the type of glazing, but also on the window-to-wall
ratio [23,24]. Nowadays, different directives require the use of double
or even triple glazing to comply with the standards [25].

Since a huge percentage of energy losses in buildings is attributed
to the glazing, different research arises in the search for optimal so-
lutions attending to different parameters such as the window-to-wall
ratio (WWR) which could imply a reduction of the total energy con-
sumption from 10% in cold areas [26], to 20% in hot areas such as
Miami [27] or 23% in Shenyang city [26], which has a humid continen-
tal climate. Other authors found that this percentage could increase up
to almost 30% [28,29], although the percentage could vary substantially
depending on the type of building and location [30,31]. In this line, the
evaluation of the indoor daylighting performance, i.e., the combination
of artificial lighting and daylighting, could imply savings that achieve
up to 61% of energy in Athens or 45% in Stockholm in north-oriented
facades [32].

Apart from this, an accurate characterization of the glazing com-
ponents becomes crucial to enhance energy efficiency in buildings
[33]. The incorporation of specific low-emissivity films is an important
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research line in this topic, with reductions in the annual energy con-
sumption for heating from 3% [34] to 10% [35], although higher
percentages of savings could be achieved in cooling depending on the
specific characteristics of the location as well as the optical properties
of the glazing system [34]. Indeed, optical characterization defines the
indoor energy balance through solar radiation [36,37]. Regarding this,
smart glazing (or dynamic glazing) could achieve up to 40% of annual
energy savings for offices [38]. However, in a previous stage, glazing
components clearly define the indoor performance and daylighting, and
then window and glazing properties can be optimized for the reduc-
tion of energy consumption in buildings [39]. In this regard, energy
savings could achieve up to 57% depending on the selection of glazing
components [40].

Together with the energy performance, glazing systems determine
the daylight factor of buildings, which is the ratio between the illumi-
nance at a given plane due to the light received directly or indirectly
from a sky of assumed or known luminance distribution, and the il-
luminance on a horizontal plane due to an unobstructed hemisphere
of this sky, excluding the contribution of the direct sunlight in both
cases [41,42]. Daylighting is one of the most important environmental
parameters for indoor comfort conditions [43-45] and health promo-
tion [46,47], and it is directly related to mental health [48]. According
to some studies, the promotion of daylighting increases productivity
and well-being since it improves the synthesis of vitamin D while syn-
chronizing circadian rhythms [49-53]. Furthermore, global electricity
consumption in lighting in 2022 was 466.96 TWh in residential and
1268.68 TWh in services [7], with clear differences among countries due
to the influence of climate but also to the envelope configuration and the
indoor comfort conditions, among others [54-56]. Despite the energy
efficiency measures, a general increase in energy consumption in the
tertiary sector was observed between 2000 and 2020 [7,57]. Thus, an ac-
curate characterization of the glazing systems is required to optimize the
distribution of the indoor daylight and contribute to the improvement
of environmental, economic and well-being factors.

1.2. Dynamic simulation of buildings and research gap

The complexity of the high number of parameters to take into ac-
count in the design of buildings explains why, in recent years, the
dynamic simulation of buildings has become a key tool for designers,
architects and engineers. It allows optimal solutions for building en-
velopes to be predicted and, by extension, enables the most suitable
glazing materials and systems to be selected and their performance
to be evaluated [58,59]. Many designers, architects and engineers use
different energy simulation software such as EnergyPlus™, from DOE
(Department of Energy of US), DesignBuilder, which uses the calculation
engine of EnergyPlus™ with a more friendly interface, or even others de-
pending on the stage and the scale of the analysis [60]. These software
tools can perform both energy and daylighting simulations. In spite of
the agreed convenience of building simulations for the optimization of
design, worldwide research highlights the discrepancies between those
models and the real performance of buildings. These discrepancies can
result, for instance, in real energy consumption being up to 2.5 times
higher than the predicted performance in some regions [61,62]. In Asia,
Zheng et al. identified that the gaps could reach up to 4 times the pre-
dicted energy consumption in educational and research buildings [63].
Similarly, Chaturvedi et al. evaluated the effectiveness of energy mod-
els in the USA, China and India [64]. In general, standard simulations
show larger discrepancies in cooling energy demand than in heating
demand [65], which makes them especially relevant considering the cur-
rent global increase in temperatures. The availability of more detailed
information on the relevant materials and methods to be included in the
simulations would reduce these discrepancies and, consequently, would
notably improve the energy and lighting optimization of buildings.

Although most of the building envelope materials are diffuse or
quasi-Lambertian, they can exhibit an optimal reflectance for a specific
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Fig. 1. Diagram of the (a) 0°/diffuse and (b) 0°/direct standard measurement
geometries for reflectance and transmittance.

range of angles [66]. In the case of glazing materials and systems, an ac-
curate knowledge of their optical properties (reflectance, transmittance
and emittance) depending on the angles of incidence and emission is re-
quired. Commonly, analysis for building applications of glazing systems
are centered on the performance of glasses attending to the spectral dis-
tribution, without consideration of the lighting geometry. For instance,
in 2022 Costanzo et al. evaluated the spectral transmittance of colored
glazing tiles in situ in the spectral range 350 nm - 1000 nm. In this
research, light irradiates the sample using light sources with spectral
distributions as illuminants D55 and D65 to simulate real sky conditions
but there is no consideration of the angle of incidence and its effect on
the transmittance and reflectance, since it is irradiated only in the nor-
mal direction [67]. A similar research study was conducted by Sacht
et al. in 2021, who evaluated the transmittance of some types of glazing
for facades through spectrophotometric characterization in the 200 nm
- 1100 nm spectral range only at normal incidence [68].

In the literature, some research about the influence of the angle of in-
cidence on the optical properties of glazing materials can be found, such
as the ones developed by Santos & Roriz in 2007 and 2012, where they
studied the variation of the visible transmittance and the solar factor, re-
spectively, of different glasses and other transparent materials [69,70].
Another example is found in the work developed by Ghosh et al. in 2014,
in which the optical properties of uncoated glass at various incidence
angles are compared to those of a glass coated with an effective heat
absorbing coating developed by themselves for thermal comfort [71].
These studies highlight the importance of studying the optical proper-
ties of glazing materials and systems for different angles of incidence.
Nevertheless, with the advent of novel glazing materials, there is now a
pressing need for more comprehensive studies focusing on contemporary
commercial glazing systems.

Measurements of reflectance and transmittance are usually restricted
to specific standard geometries and cannot always be extrapolated to
other geometries, such as those for the operative conditions of the glaz-
ing systems. Simulation software commonly considers reflectance and
transmittance values as independent of the geometry, as collected in
the International Glazing Database (IGDB) [72]. This database includes
spectral measurements between 300 nm and 2500 nm at 5 nm intervals
measured with a geometry 0°/diffuse and/or geometry 0°/direct (see
Fig. 1), according to the National Fenestration Rating Council (NFRC)
300 procedure [73]. Therefore, the direction of incidence is always
included as normal to the surface and the measurement of the opti-
cal properties is diffuse and/or direct, without consideration of other
geometries, which are very important in the glazing performance.

1.3. Optical characterization of glazings

According to the International Lighting Vocabulary, reflectance and
transmittance are defined as the quotient of reflected, or transmitted,
radiant flux and incident radiant flux [74]:

R== (€}

1
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T=—, 2)

where R stands for reflectance, T for transmittance, @, for the reflected
radiant flux, @, for the transmitted radiant flux, and @; for the inci-
dent radiant flux. These definitions, however, must be complemented
with the specification of the geometries for which the radiant fluxes
are evaluated. Reflectance and transmittance depend on the angle of in-
cidence and on the geometrical configuration of the irradiation, which
can be diffuse, directional or conical, where the latter includes any inter-
mediate configuration between directional and diffuse [75]. Regarding
the reflected (or transmitted) radiant flux, it usually refers to the total
reflected (or transmitted) flux, which can be angularly distributed in
different ways.

The regular reflection, also known as specular reflection, propagates
the radiant flux in a specific and predictable direction (specular di-
rection), and so does the regular transmission. In these situations, the
evaluation of reflectance and transmittance can be done by evaluating
these quantities at the pertinent direction depending on the irradiation
direction. However, when the reflection and the transmission are not
purely regular and the diffuse component is not negligible, the total re-
flected (or transmitted) radiant flux propagates in all directions. In that
case, the diffuse reflectance (or transmittance) can be measured, but
that does not provide any information on the angular distribution of the
reflected (or transmitted) radiant flux.

The Bidirectional Reflectance Distribution Function (BRDF) allows
the reflectance at any pair of incidence and collection directions to be
described. The BRDF was defined by Nicodemus et al. in 1977 [76] as the
distribution function of the bidirectional radiance coefficient, which is
the ratio between the elementary radiance of a surface, dL,, and the re-
ceived elementary irradiance on that surface, d E;, for specific irradiation
and collection directions, r; and r,, respectively:

dL.(r,)

dEi (l‘i) ’ (3)

Sr(rprp) =

Similarly, the Bidirectional Transmittance Distribution Function
(BTDF) allows one to characterize the transmittance at any geometry.
It is defined as the ratio between the elementary radiance of the back
surface of a sample, dL,, and the received elementary irradiance on the
front surface of that sample, dE;, for specific irradiation and collection
directions, r; and r;, respectively:

dL(rp)

dE;(r))’ )

ft(ris rt) =

Whereas the BRDF applies to describe the reflective properties of
the surface with respect to the incidence and reflection directions, the
BTDF similarly addresses the transmissive properties. Both functions
can be reduced to a more general one known as the Bidirectional
Scattering Distribution Function (BSDF), which assumes negligible
volume-scattering. Nowadays, very sophisticated measuring systems,
called goniospectrophotometers, are able to provide traceable measure-
ments of the BRDF, the BTDF, and the BSDF and are available in national
metrology institutes (NMIs) and other research centers [77-82]. One of
them [78] was used for the measurements presented in this article. These
distribution functions represent the relevant quantities to characterize
samples whose reflectance (or transmittance) is completely dominated
by the diffuse component, while the reflectance (or transmittance) coef-
ficient is the relevant quantity to characterize samples whose reflectance
(or transmittance) is completely dominated by the regular component.
In some cases, a sample can have a notable amount of both components
(such as tinted glasses or dome daylighting films). In those cases, both
quantities need to be evaluated to characterize the dependence on the
incidence angle for both the regular and the diffuse components.

The inclusion of BRDF and BTDF, and the regular reflectances and
transmittances for different angles of incidence, in the dynamic simula-
tion of buildings, and on the international and national databases of
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glazing, would allow a detailed analysis of the performance of glaz-
ing systems considering the variation of the inclination of solar rays,
and consequently as a function of the time of the day, season or lat-
itude. But also, it would allow an accurate simulation of the energy
performance of buildings in terms of heat gains for winter conditions
or even the solar protections under summer ones. This information is
very important in the design of the envelopes, mainly windows and
curtain walls, as was concluded in the research about the effect of the
inclination of glasses performed by Arici et al. a few years ago [83].
Nowadays, there is an ongoing effort on the standardization of the
characterization of angle-dependent transmittance and reflectance prop-
erties of complex fenestration systems (CFS) and the generation of BSDF
data sets from measured or simulated data for use as input to simula-
tion tools [84]. Besides, the International Energy Agency has developed
a task on integrated solutions for daylighting and electric lighting in
which BSDF characterization of daylighting systems has played an im-
portant role [85]. Several measuring systems and methods for BSDF
data acquisition have been used. Most of them are able to measure
the reflectance and transmittance at any angle of incidence and de-
tection, but only one of them can provide spectral resolution to the
measurements [86]. In this work, a similar measuring system is pre-
sented, which allows BSDF measurements at different in-plane geome-
tries, including different incidence and detection angles, with spectral
resolution.

1.4. Available models for reflectance and transmittance of glazings

Analytical and empirical models have been proposed over the last
two decades to predict the dependence of the reflectance and the trans-
mittance on the angle of incidence [87-90]. The measurements provided
in this article will allow adequate models to be tested and selected for
use in simulations. Different researchers have developed studies in the
years regarding recent design of building envelopes by dynamic build-
ing simulation in terms of energy performance or daylighting. These
are combined with statistical analysis to reduce the number of pa-
rameters or even to optimize the parameters with higher influence on
the energy simulation of buildings [17,91]. The Design of Experiments
method, Analysis of Variance test and their combination with other
statistical tests [92,93] are commonly used. Additionally, experimen-
tal tests are usually performed regarding aspects such as the geometry
of the windows, shading devices, glazing properties or types of glasses
[20,94-96]; or the analysis of specific layers or their mineralogical com-
position [97-100]. However, most of the research has focused on one
type of glass, combination or film, without a comparison among them
and, above all, a deep characterization in which the influence of the
angle of incidence/measurement despite the optical properties is not
considered, in its importance in terms of both energy efficiency and day-
lighting. In this work, the monolithic model presented by Rubin et al.
[101] has been used to fit the measurements. This model assumes a sin-
gle symmetrical layer and applies the Fresnel equations to obtain the
refractive index and the extinction coefficient of the material only by
measuring its transmittance and its reflectance, which is assumed to
be equal from both sides. This model is very useful for any unknown
dielectric material and its performance in the simulation of solar trans-
mittance and reflectance (at least from one side) was compared with
that from a detailed model, showing discrepancies at an incidence an-
gle of 60° around or even below 1% for simple-structure materials, such
as transition metal coatings, and up to 5% for more complex materials
[871.

1.5. Objective of this work

The objective of this work is to establish a framework for consid-
ering the dependence of the incidence angle at the glazing materials
and systems on the assessment of energy efficiency in buildings. This
methodology consists of:
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1. A well-defined measurement method, where the important
methodological issues are identified. These issues are explained
in this paper and possible solutions are proposed.

2. A deep spectrophotometric characterization of relevant repre-
sentative contemporary glazing materials and systems, with the
measurement of reflectance and transmittance at different angles
of incidence, thus, updating the already existing studies and broad-
ening the recent studies on the characterization of new glazing
materials only at normal incidence. In this way, a selection of dif-
ferent types of glasses together with their combinations in terms
of double glazing, type of air/argon chamber in insulating glass
units (IGUs), use of butyl for laminated glasses, or solid thin films
to improve solar control or reduce the emittance of glasses, was
made.

3. Share of the obtained measurement data in a public repository for
general use by the scientific community [102].

4. The proposal of a physical model able to predict the dependence
of the reflectance and transmittance of the glazing systems on the
incidence angle with a very low number of parameters obtainable
from measurement using a low number of geometries, and the pro-
posal of a method based on principal components analysis (PCA) to
reduce the data while keeping the relevant information. Both pro-
posals, alone or in combination, should be important for including
the measurement data in current software simulations.

2. Description of the evaluated glazing samples

Advances in thin-film deposition technologies for coating insulating
glass have made energy-efficient windows both affordable and common-
place in contemporary construction. In this study, a stock of glazing
samples was collected from three of the world’s leading glass manufac-
turers. The collection comprises 66 samples: 29 monolithic glasses, 10
laminated glasses and 27 IGU (25 single-chamber units and 2 double-
chamber units). These samples have different sizes and thicknesses. The
classification of the samples is shown in Table 1 together with the iden-
tifiers for manufacturers, IDy;, and physical specimens, IDg, the latter
being a non-descriptive internal identifier. Hereafter, each sample is
denoted as IDy-IDg. A diagram of the three different types of glazing
samples considered in this work is shown in Fig. 2.

2.1. Monolithic glass

Monolithic or float glass is a transparent or translucent material
consisting of a single homogeneous sheet of glass, produced through
manufacturing processes such as float glass production [103]. This type
of glass is characterized by its continuous structure, which provides
uniform optical properties, as well as controlled mechanical proper-
ties within its specific limits. Its use is widespread in architectural
applications, where it is used as a base for subsequent treatments or

Table 1
Structural description of the collected glazing samples, together with their
identifiers. Each sample is denoted in this paper as ID-IDg.

IDy IDg Type Dimensions Thickness
(cm X cm) (mm)
M1 01-07 13-25, 27, 29, 31 Monolithic 20 x 30 6
10 x 10 4-12
26, 28, 30, 32-34 Laminated 10 x 10 4-12
08-12 IGU 20 x 30 26
M2 01-12 IGU 20 x 30 26
M3 01-04 Monolithic 10 x 10 4-6
14,15 20 x 20
05-08 Laminated 10x 10 8-12
09-12 1GU 20 x 20 24-26
16-19
13, 20 IGU (triple) 20 x 30 41-44
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Fig. 2. Diagram of the three different types of glazing samples considered in this
work.

combinations with other elements, such as coatings, or formal modifi-
cations such as a combination of glasses for systems or lamination. All
the specimens in our study feature a solar control coating deposited on
one of their surfaces and are available in various sizes, see Table 1.

2.2. Laminated glass

A small part of the glazing stock of this study consists in laminated
glass, which is composed of two glass panels bonded together by a
polyvinyl butyral (PVB) interlayer. The specimens are available in both
transparent and translucent forms.

2.3. IGU

To minimize thermal losses due to heat transfer by radiation and
conduction mechanisms, an IGU is manufactured by placing two (dou-
ble glazing) or even three (triple glazing) glass panels with parallel flat
surfaces, separated by a metallic spacer filled with an absorbent and
an adhesive to bond the glass to the spacer. To reduce thermal transfer
by convection through the IGU, a low-conductance gas, typically argon,
is used to fill the gap. Argon has a larger molecular size compared to
nitrogen and oxygen (air).

All specimens feature a solar control coating deposited on the inner
surface of the glass facing the exterior, in contact with the argon-filled
cavity to increase its durability. Most of the double-glazing IGUs are
filled with a 9:1 mixture ratio of argon and air, respectively, while only
a few of them are filled solely with air. Some specimens also exhibit a
slight coloration and/or translucency.

3. Measurements
3.1. Measuring system

The measuring system used in this work is based on an automatic
goniospectrophotometer, which has been previously described in the
literature [78]. This system was originally designed for BRDF measure-
ments in the visible range. For this work, it was modified in order to
allow measurements of transmittance and to cover the near-infrared
spectral range, up to 2500 nm.

It comprises three subsystems: the lighting system, which is fixed
and includes a broadband Xe lamp and an optical system that di-
rects the irradiation beam towards the sample; the positioning system,
which consists of a 6-axis robot arm that can orient the samples in
several directions relative to the irradiation beam; and the detection
system, which comprises two different spectroradiometers (one for
the visible range and the other for the near-infrared range) that are
placed on two movable platforms that can rotate around the sample
along a circular track. A diagram of the measuring system is shown in
Fig. 3(b).

The lighting system is composed of a broadband Xe lamp
(Hamamatsu Super-Quiet Xenon Lamp, model: L2175 150 W) and a
Kohler optical system (lens L1 and L2 with focal lengths of 75 mm
and 500 mm, respectively) that produces a uniform irradiation on the
sample surface. After the first lens, a diaphragm (P1) allows the adjust-
ment of the irradiation size on the sample surface. A second diaphragm
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Fig. 3. Photograph (a) and picture (b) of the measuring system.

(P2) placed after the second lens allows the irradiance on the sam-
ple surface to be controlled. Additionally, a filter wheel (FW) with
different neutral density filters allows different levels of attenuation
to avoid the saturation of the response of the detection device. An
uncoated fused silica plate (W) redirects approximately 8% of the in-
cident radiant flux towards a photodiode (Mon), which monitors the
source signal (two photodiodes are available: a Si photodiode for the
visible range and an InGaAs photodiode for the NIR range). After the
Kohler system, two plane mirrors (M2 and M3) oriented at —45° and
45°, respectively, from the optical axis form a periscopic arrangement
that can allow retroreflection measurements when M3 is replaced by a
beamsplitter.

The positioning and orientation of the samples are achieved by a 6-
axis robot arm (R6). The use of a robot for sample positioning enables
placing the center of the sample’s surface at the center of rotation of the
detection system with negligible uncertainty compared to other sources.
For large glazing samples measured in this study, mechanical mounts
had to be designed to accommodate different sizes and thicknesses, and
only in-plane measurement geometries could be configured.

The detection system includes two detection instruments: a Konica-
Minolta® CS-2000 spectroradiometer (VIS SR) for the visible range
(from 380 nm to 780 nm), and an Ocean Insight® NIRQuest spec-
troradiometer (NIR SR) for the near-infrared range (from 900 nm to
2500 nm). However, due to the operational limitations of the two de-
tectors, there remains a 120 nm gap (from 780 nm to 900 nm) within
which data cannot be obtained. Both instruments are mounted on two
platforms that move along the circular track around the sample. Each
platform moves independently, and they cannot be operated simulta-
neously due to mechanical limitations of the system. Thus, a separate
measurement is performed for each spectral range.

3.2. General considerations of the measurement process

In the measurement process, radiation impinges on the surface as-
sumed to be placed towards the exterior of the building. The samples
were located sequentially at the different geometries to be evaluated,
and acquisitions were taken with the spectroradiometers, in signal and
dark conditions. The acquisitions were dark-subtracted, corrected for
light source instabilities using the monitor signal, and for photoresponse
nonlinearity of the detectors. The corrected acquisitions with the sample
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are divided by the corrected acquisitions of the reference. As explained
in Sections 3.3 and 3.4, the reference for transparent glazing samples
is the incident beam, while for diffuse glazing samples it is a diffuse
reflectance standard.

Generally, the surface of the sample aligned in the center of the go-
niospectrophotometer is the closest to the spectroradiometers, i.e., the
interior surface in reflectance measurements and the exterior surface
in transmittance measurements. However, for diffuse glazing samples,
the surface aligned in the center was the diffuse surface of the sam-
ple. The measurement area is determined by the field-of-view of the
spectroradiometers, which are always focused on the center of the go-
niospectrophotometer, and it is always over-irradiated by the large (6 cm
in diameter) and uniform irradiation beam. This means that the response
of the spectroradiometers is directly proportional to the radiance of the
sample surface. The origin of the reference system for sample rotation
is always defined at the center of the goniospectrophotometer.

The spectral distribution of the irradiation beam is provided by the
Xe lamp, whose spectral irradiance can be found in the manufacturer’s
specification sheet [104]. The angular resolution on the irradiation de-
pends of the aperture of diaphragm P2, which controls the irradiance
on the sample by adjusting the irradiation solid angle. For the measure-
ments presented in this work, an intermediate aperture of the diaphragm
was used, in order to achieve a compromise between the amount of
light available for the measurement and the angular resolution, which
resulted in approximately 0.5° approximately. The VIS spectroradiome-
ter features a wavelength resolution of 1 nm, with a 5 nm bandwidth,
and an angular resolution of 2.5°, as stated in Ref. [78]. On the other
hand, the NIR spectroradiometer features different wavelength resolu-
tions depending on the slit size [105]. In the measurements of this work,
a high spectral resolution was not required since the evaluated sam-
ples smooth reflectance and transmittance spectral distributions. Thus,
the largest available slit size was used to improve the signal-to-noise
ratio (SNR), which resulted in a full width at half maximum (FWHM)
of 26 nm, approximately. Its angular resolution was determined by the
macro lens attached to it, which collects all the light within an apex
angle of 2° approximately.

The relative expanded uncertainty of the measurements, depicting
95% confidence intervals, ranges from 1% to 7%, depending on the SNR
of the corresponding measurement. It can reach values slightly over 10%
in those very specific cases where either the reflectance or the trans-
mittance of the glazing sample is very low. The specific values of the
standard uncertainty are available together with the measurement data
in the public repository of Ref. [102]. All the measuring instruments
have been previously characterized and calibrated. The main uncer-
tainty sources arise from the signal-to-noise ratio of the detection devices
and the correction factor for the instability of the light source in the case
of the measurements on non-diffuse glazing samples. In the case of dif-
fuse glazing samples, the uncertainty mainly depends on the uncertainty
of the calibrated BRDF value of the white standard diffuser [78].

Other aspects not considered in this work can affect the measure-
ment uncertainty, such as the non-uniformity of the irradiation beam,
the uneven state of the sample to be measured, or even some environ-
mental factors. However, the influence of these aspects depends on the
measured quantity itself and, thus, it is very difficult to account for it
in the uncertainty budget without studying them in advance. Instead,
they are controlled in order to minimize their effect in the measure-
ment, for instance by using a very uniform irradiation beam or selecting
high-quality samples that ensure uniformity of their surface. Besides,
some control measures are taken in the laboratory, such as the use of
gloves for holding the samples or the accurate alignment method that
ensures a perpendicular orientation of the sample surface with respect
to the incident beam. On the other hand, both the temperature and rel-
ative humidity are monitored by a probe and controlled through an air
conditioner installed in the laboratory, which maintains a room tem-
perature of 23 °C + 2 °C and a relative humidity below 50%. In this
regard, no correlation has been observed between the measurement
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results and the slight variations of the environmental conditions in the
laboratory.

3.3. Measurement of non-diffuse glazing samples

Non-diffuse glazing samples are those for which the reflected or
transmitted light that propagates in a direction different from the regular
direction (specular or refraction directions, respectively) can be consid-
ered negligible. Thus, the measurement of this kind of sample consists
of evaluating the ratio of the incident radiant flux on the sample surface
and the reflected or transmitted radiant flux in the regular direction,
which also corresponds to the ratio of radiances when the measurement
conditions are the same. In this way, the measurement equations used
for reflectance, R, and transmittance, T, become:

L, S,

R= ff = E:F,me, (5)
Lt St

T= 7= EF,Fmon, (6)

where L, and L, denote the reflected and transmitted radiance, respec-
tively, and L; the incident irradiance. S,, S; and .S; are the obtained
signals from the acquisitions of the reflected, transmitted and incident
beams, respectively, in the corresponding spectroradiometer (all dark-
subtracted and corrected for non-linearity), F, is a correction factor
accounting for the ratio of the transmittances of the different neutral-
density filters from the filter wheel (FW) used in each acquisition, and
Fon is a correction factor accounting for the ratio of the signal regis-
tered by the photodiode (Mon) monitoring the light source stability in
each acquisition (see Section 3.1). The transmittances of the neutral-
density filters have been previously characterized in the laboratory
while the registered signal by the photodiode is averaged from 10 repeti-
tions to obtain a corresponding uncertainty from the standard deviation
of the average. Both registered signals, .S, ( and .S;, and the non-stability
correction factor, Fy,,,, are the main uncertainty sources of this kind of
measurement.

The evaluation of the incident radiance is performed by moving the
sample out of the beam path and driving the platform of the corre-
sponding spectroradiometer to the position of normal incidence, i.e.,
¢ = 180° (see Fig. 3(b)). The incident radiance is determined by the
radiant flux collected by the spectroradiometer in this configuration,
within the measurement area and its collection aperture.

The reflected and transmitted radiant fluxes are evaluated under
exactly the same configuration of the spectroradiometer, but once the
surface of the samples are located at the measurement plane. Thus, the
ratio of registered signals equals the ratio of radiances. The sample is se-
quentially orientated at different angles with respect to the irradiation
beam and the reflected, or transmitted, radiant flux is acquired at the
corresponding regular direction. In this work, the measurements were
performed for 15 different angles, from 0° to 70° in steps of 5°, although
in the case of reflectance no value was obtained at 0° due to the obstruc-
tion of the irradiation beam. It must be noticed here that measuring at
large angles of incidence, which has some important methodological is-
sues, is very important for realistic evaluations. High angles of incidence
are very common on vertical surfaces at low and intermediate latitudes,
at those times when the solar elevation angle is maximum. A complete
measurement of either the reflectance or the transmittance of one sample
took no more than 6 min.

The measurement approach presented in this work satisfies Egs. (1)
and (2). However, not all the incident flux is collected by the detector
but only a part of it, that within the same solid angle for which the in-
cident radiant flux is evaluated. This approach is possible only if: (1)
the incidence beam uniformly over-irradiates the collection area, and
(2) the diffuse component of reflectance and transmittance is negligi-
ble (the reflected or transmitted radiant flux through the solid angle is
not attenuated by scattering out of the regular direction) [106]. This
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Fig. 4. Diagram of a general angular distribution of the reflected and transmit-
ted radiant flux by a diffuse glazing sample. The thick red arrow indicates the
irradiation direction and the thick black arrows the regular direction for both
the reflected and transmitted radiant flux. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)

hypothesis cannot be stated with diffuse samples, since in that case the
attenuation is also due to diffuse reflectance and transmittance, which
yield reflected and transmitted radiant flux out of the regular directions,
and consequently are not collected by the spectroradiometers in that
measurement condition (see Section 3.4).

3.4. Measurement of diffuse glazing samples

In the case of diffuse glazing samples, the reflected or transmit-
ted light in those directions different from the regular direction is not
negligible (see Fig. 4). In such cases, the International Commission
on Illumination (CIE) recommends measuring reflectance and trans-
mittance with an integrating sphere that integrates the reflected or
transmitted radiant flux in any direction [107]. However, for more
detailed information on the scattering at different incidence and col-
lection directions, the BRDF and BTDF must be measured, as explained
in Section 1. This is the approach followed in this study.

The measurement procedure for this kind of glazing samples is sim-
ilar to that used for the measurement of non-diffuse glazing samples,
but in these cases the acquisition of the incident radiant flux is replaced
by the acquisition of the radiance of the surface of a diffuse reflectance
standard for which its BRDF value at 0° irradiation and 45° collection
is known. This procedure allows for the calculation of the incident irra-
diance in an indirect way, assuming constant measurement conditions.
The BRDF or the BTDF are calculated as:

Lu(r;,r SsretLs(ri, Tg)
fs(l'ivl's)= s( i s) _ s,refsis g ’ (7)
Ei (ri) Ccos GiLs,ref

where f; s denotes the BRDF value of the diffuse reflectance standard
at the reference geometry (0° : 45°), L ¢ denotes the measured radi-
ance of the diffuse reflectance standard at the reference geometry, and
Ly(r;,1g) is the measured radiance of the glazing sample at any other
geometry, with r; being the irradiation direction, which is defined by
the angle of incidence 6;, and r, being the collection direction, defined
by the collection angle 6,. Note that the key idea of this approach is to
express the incident irradiance in terms of the known value of the BRDF
of a diffuse reflectance standard, since it only varies through the cosine
of the incident polar angle of the specific measurement geometry.

Eq. (7) can be rearranged in terms of the registered signals by the cor-
responding spectroradiometer, resulting in the following measurement
equation:

fs,resz(ri’ rs)
cos HiSS’ref

Ss(rpry) = F: Fryon, (8)

where S,(r;, ;) and S, are the obtained signals from the collected
radiance of the evaluated sample at the specific geometry and the dif-
fuse reflectance standard at the reference geometry, respectively, in
the corresponding spectroradiometer (dark-subtracted and corrected for
non-linearity), and F, and F,,, are the correction factors of the trans-
mittance for the used neutral-density filters and the non-stability of the
light source as defined in Section 3.3. In this case, the main uncertainty
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sources are the registered signals, S5 and Sj s, in the corresponding
spectroradiometer and the BRDF value of the diffuse reflectance stan-
dard, f; . whose uncertainty arises from the calibration performed in
the laboratory. The reproducibility of the measuring system has been
proven several times in recent years through intercomparisons with
European National Metrology Institutes (NMIs) [108,109].

The acquisition of the radiance of the diffuse reflectance standard
at the reference geometry is performed at least once each day or each
time the measuring devices are turned off or the measurement conditions
change. Then, each diffuse glazing sample is irradiated at 5 different
irradiation angles (from 0° to 60° in steps of 15°), and the spectral re-
flected or transmitted radiance is collected at 10 different equispaced
in-plane collection angles from the normal of the surface (from 8° to
68° in steps of 15°) for each irradiation angle, which results in 50 dif-
ferent measurement geometries for each sample and each measured
quantity (BRDF or BTDF). These kinds of measurements need around
13 min to be completed.

In these cases, the angular resolution of the measurement is deter-
mined by the collection solid angle of the corresponding spectroradiome-
ter, which is narrow enough to assume that the angular distribution of
the reflected or transmitted radiance collected within it is uniform. This
assumption is only valid if no peaks in the angular distribution of either
the reflectance or the transmittance are observed. The diffuse glazing
samples evaluated in this work present the diffuse surface in one of
their interlayers, so that the first surface is always smooth. Thus, these
samples also present a contribution of regular reflectance from their
first surface, apart from the diffuse reflectance generated in the diffuse
interlayer. In order to fully characterize these samples, their regular re-
flectance has also been measured in both visible and NIR spectral ranges
according to the measurement procedure described in Section 3.3.

3.5. Methodological issues

In the process of measuring the reflectance and transmittance of glaz-
ing systems at different angles of incidence, some methodological issues,
mainly in double and triple glazing samples, have been identified: (1)
lateral displacement of inter-reflections in both reflectance and transmit-
tance measurements, (2) lateral displacement of the transmitted beam,
and (3) partial occlusion of the incident beam due to the rotation of the
sample in transmittance measurements.

1. When a collimated beam irradiates the surface of a plane-parallel
plate, or a system composed of parallel plates, inter-reflections
produce an indefinite number of reflected and transmitted beams.
These secondary beams are displaced laterally with respect to the
irradiation beam, and this displacement increases with the number
of inter-reflections, the thickness of the plate (or the separation be-
tween the different plates) and the angle of incidence. In the case
of monolithic glazing samples, the thickness is small in comparison
with the width of the irradiation beam; thus, the separation of the
different reflected and transmitted beams is not relevant because
all observed secondary beams are under the same acquisition con-
ditions. However, in the case of IGU samples, where two or three
plane-parallel plates are mounted in parallel with a gap between
them, this separation becomes significant for high angles of in-
cidence, causing a variation in the acquisition conditions for the
different beams, and the consequent measurement error. This ef-
fect is shown visually in Fig. 5(a), where secondary beams from the
inter-reflections within a double-glazing IGU in reflectance mea-
surement conditions are clearly visible, not being collected by the
detector at all. This effect is minimized by using a larger irradia-
tion area, which is limited by the maximum aperture of diaphragm
P1 (see Fig. 3). Thus, even using the maximum available irradia-
tion area, this issue might prevent the correct characterization of
the reflectance or the transmittance of such glazing samples for
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(a) Picture of the inter-reflection produced by a
double-glazing IGU irradiated with a high angle of
incidence, at the detector position.
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(b) Diagram showing the expected radiant flux of
secondary beams in double-glazing IGUs. In this
diagram @; refers to the incident radiant flux, and
R1, Ra, Th and T refer to the reflectance and the
transmittance of the corresponding glass layer (1
or 2).

Fig. 5. (a) Picture and (b) diagram of the beam separation issue in double-glazing systems with separated glass layers.

high angles of incidence. The impact of this potential error de-
pends on the reflectance and transmittance of the different glasses
forming the IGU (see Fig. 5(b)). In transmittance measurements,
secondary beams are always less intense than the main one, while
in reflectance measurements it depends on the ratio R, /(T12R2),
with the impact of the error being larger if the ratio is lower.

2. In transmittance measurements, the regularly transmitted beam is
laterally displaced due to refraction. This lateral displacement in-
creases with the thickness of the layer and the angle of incidence.
In the case of IGU samples, it does not depend on the separation
between the different layers. This effect results in different collec-
tion conditions of the transmitted radiant flux for each angle of
incidence. Thus, a large and uniform irradiation beam is required
to avoid this error source, allowing the acquisition conditions to
remain constant.

3. Also in transmittance measurements, the occlusion of the irradia-
tion spot by the edge of the sample itself entails a measurement
error for very large angles of incidence and thick samples, such
as IGUs, since the samples rotate around their back surface in this
case. It is a geometrical restriction due to the finite size of the sam-
ple and the width of the irradiation beam. Thus, the width of the
irradiation beam must be selected according to a compromise that
takes into account the issues described above and the edge occlu-
sion for high angles of incidence. In this work, no measurements
for angles of incidence higher than 70° were performed due to the
edge occlusion.

4. Data analysis and modeling

The measurements are traceable to the International System of Units
(SI) through optical standards and procedures and can be arranged in
a dataset. These data can be reduced while keeping the relevant infor-
mation by using empirical or analytical models. A simple model able
to predict the variation of the reflectance and transmittance with re-
spect to the angle of incidence would allow a practical use of this kind
of measurements in simulation software for evaluating the impact of the
different glazing systems on the energy efficiency of buildings. The lower
number of parameters required by the model, the fewer measurement
geometries would be necessary for determining them.

In the case of non-diffuse glazing samples, where regular reflectance
and transmittance are dominant, an analytical model is more feasi-
ble than for diffuse glazing materials, where more complex models are

vidridd

Lo

Fig. 6. Diagram of the glazing sample modeled as a dielectric layer with refrac-
tive index n and normalized absorption coefficient ,. Its thickness 7 is embedded
into the normalized absorption coefficient.

required. A simple analytical model for non-diffuse glazing samples has
been proposed in this work and it is described in section 4.1.

In addition, a principal components analysis (PCA) was applied to
the data in order to examine the spectral variation of the reflectance
and the transmittance with respect to the geometry. This analysis allows
possible errors or special cases to be identified, such as measurement
geometries whose spectral content is very weakly correlated with the
rest of the geometries. It also allows reducing the dimensionality
of the data and, thus, the computational cost. This is discussed in
section 4.2.

4.1. Model

The monolithic model from Rubin et al. [101] is used in this work.
It is based on the physics of a single dielectric thin layer with refrac-
tive index n and absorption coefficient o, (see Fig. 6). According to
Beer-Lambert’s law, the radiance L decreases exponentially with respect
to distance d as L(d) = L(0) e %, The interactions on both boundaries
of this layer are governed by Fresnel equations [110], which for out-
side/inside refractive indices n; and n,, respectively, yield reflectance
F.(n,n,,0) and transmittance F,(n,n,,0) = 1 — F.(n;,n,,0) at incident
angle 0. The external medium has a refractive index of 1, so external
reflectance/transmittance uses n; = 1, n, = n, while internal uses n; = n,

n, = 1; the propagation angle ¢’ inside the layer follows Snell’s law: ¢’ =
t
cos 9’

within layer thickness 7, so radiance becomes L(d) = L(0)e %!/ cost’
Thickness ¢ and absorption ¢, combine into normalized absorption s, =

sin”! (%’ ) Under this configuration, light travels a distance d =
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o, 1, reducing parameters—this is the principal modification from Rubin
et al.

This configuration generates a repeatable geometrical pattern that
produces a sequence of reflectance and transmittance interactions at
regular intervals. It is assumed that all (infinite) interactions are cap-
tured by the sensor, which might not always be the case, so the model
calculates reflectance R (n,0,, )0 and transmittance T (n, o, )6 as:

o —
R(n.5,.0) = F,(1.n,0) +Y F(Ln.0)e b [, (n.1,0")] " F, (n.1.0")

i=1

F(1,n,0) F; (n,1,0') F, (n,1,6’)

=F(,n6)+ "~ , ©
1_[Fr(”,1,9/)]2e7m
< Qi+1)o5 2i+1 '
T (n.55.0) = Y Fi(1.n.0) <e* — > (E, (1 60)| 2 Fs (1.0
i=0
F(1,n,0 7%F 71’9/
_ v(1,n,0)e w0 Fy (n ) o

1= [F(n 1,00 28

As shown, this model depends only on two parameters (» and ¢,) per
wavelength which account for both reflectance and transmittance.

For a set of reflectance and transmittance measurements (R,,i and
Tgi) at specific angles of incidence, 6;, the model is adjusted to those
measurements. This becomes an optimization problem as:

mm<2 @WaWrﬁdﬂ'Z[”maWrﬂI>, an
6;,E My

no,
a 0;eMy

where My and My are the numbers of measurement geometries for re-
flectance and transmittance, respectively. The model, represented by
Egs. (9) and 10, is fully differentiable, so a gradient descent approach
is chosen to solve the minimization problem in Eq. (11). In practice,
the minimization problem is implemented with Mitsuba3 [111], a dif-
ferentiable renderer that provides expressions for Fresnel equations and
automatic differentiation. Then, the Adam solver [112] is used to obtain
the parameters » and &, that better approximate the measurements.

The obtained refractive index or the normalized absorption coef-
ficient does not represent physical parameters of the glazing sample.
Therefore, the parameters of the model are denoted as “effective” re-
fractive index (n) and “effective” normalized absorption coefficient (c,).
The advantage of this model with respect to purely heuristic models is
that it is physically inspired, and as such requires only two parame-
ters for modeling the angular dependence of both the reflectance and
transmittance.

The structure of the physical glazing sample and its configuration
for measurement might differ from the hypothesis of the model. For in-
stance, the glazing sample might present several layers such as solar
coating on top of glass, multiple stacked glass layers, or even air layers
as is the case with the IGUs. The model assumes that any combination of
layers can be reduced to a single layer with an effective refractive index n
and an effective normalized absorption coefficient o,. This assumption is
always valid for a specific wavelength if the different layers only present
regular scattering (or diffuse scattering can be considered negligible).
Thus, the main limitation of the model is that the obtained parame-
ters only describe the optical properties of the sample for a specific
wavelength and do not characterize their spectral distribution.

In the specific case of IGU samples, discrepancies between the model
and the measurement data are expected, since the model assumes that
all the internal interactions (inter-reflections) are captured by the sensor
and that is not fulfilled when measuring such samples at high angles of
incidence, as mentioned in Section 3.5.
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4.2. Principal components analysis

Principal components analysis (PCA) is a powerful mathematical
technique to identify the different contributions to the variance of mul-
tidimensional data. In this work, the adequacy of PCA to synthesize the
spectral variation of the reflectance and transmittance measurements
with respect to the angle of incidence is tested. This analysis allows
not only for the separation of the variation from angular and spec-
tral variables, but also for the identification of systematic errors in the
measurements, which might be spectrally or angularly correlated.

The formalism of PCA is based on the diagonalization of the
covariance matrix of a multidimensional correlated data set, F =
{F;, F, ..., Fy }, which allows the reduction of its dimensionality by rep-
resenting the data in a new series of uncorrelated variables, or principal
components. The elements of the covariance matrix are the covariances
between the different variables involved, as defined in the literature
[113]. This formalism assumes that any variable, or component, of
the multidimensional data set can be expressed as a linear combina-
tion of the eigenvectors, ¢;;, and the principal components, 4;, of the
diagonalized covariance matrix as follows [114]:

N
Fi=Y A, (12)

Jj=1

where F; represents a specific component of the multidimensional vari-
able and the terms, A j» represent an uncorrelated set of variables that
contain all the information of the data.

In this work, the different variables F; can be understood as the
different measurements of the spectral reflectance or transmittance at
different angles of incidence, where each wavelength, 4, represents a
different realization of the variable. This approach is a variation of the
one described in Ref. [115], which was developed to analyze spectral
BRDF measurements. According to this approach, the measurement data
of the spectral reflectance or transmittance of a specific glazing sample
can be expressed as:

N
ROL0) = M©B) + Y ¢;(0;)A; (), (13)
j=1

where M (6;) is the median of the values of the spectral reflectance or
transmittance measurement, R(4, 6;), at a given angle of incidence, 6;.
The eigenvectors e;(6;) contain the coefficients of the transformation
from the base of the original correlated spectra to a new base of uncor-
related spectra, formed by the eigenspectra, or principal components,
A;(2), and they can be regarded as the weight of each component in the
measurement data. The variance of the different eigenspectra is given
by their corresponding eigenvalues.

5. Results and discussion
5.1. Measurements

As an example, the measurement results of a double-glazing IGU
and a monolithic glass, identified as M2-02 and M1-02 (see Table 1),
respectively, are shown in this section. Both are non-diffuse glazing
samples, which means that the reflected or transmitted radiant flux
propagates only in the corresponding regular direction. In this way, the
obtained spectral reflectance and transmittance for ; = 5° and 6; = 0°,
respectively, are represented in Fig. 7.

While the reflectance and the transmittance of the monolithic glass
show a slight variation regarding the wavelength, the double-glazing
IGU exhibits a significant difference between the visible and the infrared
ranges. From the obtained values of the spectral reflectance and trans-
mittance, the solar reflectance and transmittance can be estimated as
follows:

f R(A)Esolaru«)(u

14
/ Esr)laru”)d'1 s

solar =
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Fig. 7. Spectral (a) reflectance and (b) transmittance of a double-glazing IGU (M2-02) and a monolithic glass (M1-02) for an angle of incidence of ¢; = 5° and 6; = 0°,
respectively. The 780 nm - 900 nm gap in the measurement data is due to the operational limitation of the two spectroradiometers, as mentioned in Section 3.1.
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Fig. 8. Solar (a) reflectance and (b) transmittance as a function of the angle of incidence of a double-glazing IGU (M2-02) and a monolithic glass (M1-02).

[ T(A)Egqjq(A)dA
J Esolar(AdA

where E,,.(1) is the spectral irradiance of the Sun on the surface of
the Earth [116]. These quantities, thus, describe the portion of the inci-
dent solar energy that is reflected or transmitted by the glazing system.
Fig. 8 shows the calculated solar reflectance and transmittance of the
previous glazing samples from the spectral measurements for different
angles of incidence. It must be noted that a linear interpolation of
the missing data within the gap 780 nm - 900 nm had to be applied
to estimate the integrated quantities, which introduces an uncertainty
depending on the spectral distribution of the reflectance and transmit-
tance of the samples. However, the evaluated samples are not expected
to present abrupt variations in the refractive index within this gap.
Thus, a negligible contribution to the uncertainty of the calculation is
expected.

The results of Fig. 8 show that both samples present similar values of
solar reflectance and transmittance, i.e., the portion of the incident solar
energy that is being reflected or transmitted, contrary to the obtained
results from the spectral measurements. However, this can be explained
by the spectral distribution of solar irradiance, which has its maximum
in the visible range, where the samples showed similar averaged values
(see Fig. 7). In general, reflectance increases for higher angles of inci-
dence while transmittance decreases. Nevertheless, the reflectance and
transmittance variation with the angle of incidence is slightly higher in
the double-glazing IGU than in the monolithic glass. This significantly
affects the energy efficiency of buildings, since the sun irradiates the
windows of the facade mainly at high angles, for which the difference
between the performances of each sample is larger. In any case, the ef-
fect on the energy efficiency of buildings always depends on the latitude
and the orientation of the specific building, which enhances the need

(15)

solar =

10

for a detailed characterization of the angular dependence of the optical
properties of glazing systems.

Regarding the results on the measurements of the diffuse glazing
samples, two examples are shown in this section, both from the BRDF
(Fig. 9) and the BTDF (Fig. 10) measurements. The selected samples for
the plots correspond to a diffuse laminated glass (M3-07) and a diffuse
double-glazing IGU (M3-11).

The results of the BRDF measurements show a different trend for
each sample. The results for sample M3-07 indicate that the reflec-
tion of light is very diffuse at lower angles of incidence and increases
at higher angles of incidence (see Fig. 9(a)), while the results for
sample M3-11 show a different trend, the reflection of light at low an-
gles of incidence is relatively more directional than at higher angles
(see Fig. 9(b)). On the other hand, the results of the BTDF measure-
ments are similar for both samples (see Fig. 10), and they show a
constant directionality in the transmission of light with respect to the
angle of incidence, contrary to the BRDF results. The number of se-
lected geometries for the BTDF measurements might be coarse, as the
maximum of the BTDF, which is around the regular direction, is not
properly resolved. These measurements could be improved with a more
detailed angular sampling, but it would require considerably more
time and the aim of this work is to demonstrate the capabilities of
the system and the relevance of these kinds of measurements, rather
than provide a detailed BSDF characterization of the evaluated diffuse
samples.

5.2. Model fitting

The results of the fitting of the analytical model, described in
Section 4.1, to the measurement data of a subset of samples at 500 nm
are shown in Fig. 11.
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Fig. 9. BRDF measurement values of sample (a) M3-07 and (b) M3-11, spectrally averaged, as a function of the collection angle for different angles of incidence.
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Fig. 10. BTDF measurement values of sample (a) M3-07 and (b) M3-11, spectrally averaged, as a function of the collection angle for different angles of incidence.

The goodness of the fit is, in general, similar for all measurements,
and it is quantified with the standard error of the estimate (SEE), defined

as:
1
.,

and the coefficient of determination, R2, defined as:

SEE =

2 T
[R(n,a_a,)Hi—Rei] + Y [T(n,o_a,)ei—Tei],
ASEN

(16)
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where Egi and Tgi represent the averages of the reflectance and trans-
mittance measurements, respectively.

These indicators describe the quality of the fitting results. The first
indicator, the SEE, represents the error of the estimates, i.e., the differ-
ence between the predicted values and the measured ones. This indicator
must be compared with the values of the measured quantity, ranging be-
tween 0 and 1, in order to understand the relative deviation between the
model and the measured data. The second indicator, the R?, determines
the portion of the variability of the measured quantity that is explained
by the model. It usually ranges from 0 to 1, where 0 indicates a poor
fit and 1 denotes a perfect fit, although negative values are also pos-
sible when the model cannot accurately explain a low variation of the
measurement data.

11

The SEE and the R? of the fittings for all the evaluated non-diffuse
samples are plotted in Fig. 12. In general, IGU samples show larger SEE
and lower R?, while monolithic samples present lower values of SEE,
which depict lower errors in the estimates. This suggests that the ob-
served deviations between the model and the measurements could be
explained in part by systematic errors due to the methodological issues
mentioned above, which are larger for thick samples (IGU) and large an-
gles of incidence. One way to improve the efficacy of the model would
be to use only the measurement values at low angles of incidence to fit
the parameters, avoiding those angles at which systematic errors might
considerably affect the measurement.

In particular, for the two triple-glazing IGU samples (M3-13 and M3-
20, marked with * in Fig. 12), the model shows considerably higher
deviations from the measurements (high SEE values). In addition, there
are some specific cases in which SEE is very high, probably depict-
ing an issue in the specific measurement (M1-16, M1-32, M3-06 and
M3-19, marked with * in Fig. 12). On the other hand, there are some
cases in which the coefficient of dependence R? presents negative val-
ues with a SEE not especially high (M1-01, M1-03, M1-05, M1-06 and
M1-07, marked with ** in Fig. 12). In these cases, although the devi-
ations of the predicted values from the measured ones might be low,
the mean of the measured data provides a better estimation of the
outcome than the model, since the variation of reflectance and transmit-
tance regarding the angle of incidence in these samples is very low (see
Fig. 11(a)).

The measurement data do not allow a relationship between a higher
SEE and the type of coating to be found. In general, systematic deviations
between the measurement data and the fitted model are not observed.
We must note here that the SEE values are not large. They are below
0.02 for almost all samples, and there is only one sample for which the
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Fig. 11. Model fittings of samples (a) M1-01, (b) M3-01, (c) M2-01 and (d) M2-12 for an irradiation wavelength of 500 nm. The obtained fitting parameters (» and
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Fig. 12. SEE and R? of the fitting for an irradiation wavelength of 500 nm and all the evaluated non-diffuse samples. Those sample marked with * exhibit relatively
poor values for both indicators of the goodness of the fitting, while those marked with ** exhibit poor values for the indicator R> but normal values for the SEE.

SEE is over 0.03. Taking into account that reflectance and transmittance
values range from O to 1, this indicator depicts a good fit in all cases.

5.3. Discussion on PCA

As an example of the application of the PCA formalism described
in Section 4.2, results for the monolithic sample M1-02 are shown in
Fig. 13, which should be interpreted in combination with Eq. (13).

12

The PCA of the reflectance measurements of sample M1-02 shows
that more than 92% of the variance of the measurement data can be
described with only one eigenspectra, PC 1, which describes the spectral
component of the measurements equally for all the angles of incidence,
as depicted by the values of its corresponding eigenvector. In the case of
the transmittance measurements, more than 84% of the total variance
is described by the eigenspectra PC 1, whose corresponding eigenvector
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Fig. 13. Principal components analysis of the (a) reflectance and (b) transmittance measurements of the monolithic sample M1-02. In each case, the plot on the left
shows the median of the spectral reflectance or transmittance for each angle of incidence, the plot on the middle shows the values of the eigenvectors of the three
main principal components (PC), which correspond to the PCs whose variances are the highest, at each angle of incidence, and the plot on the right shows those
three main PC, or eigenspectra. The legend indicates the percentage of the total variance that each PC represents.

shows a proportional increase regarding the angle of incidence. This
component seems to describe the general relative spectral distribution
of the measured quantity, which is modulated for the different angles
of incidence. This is consistent in all the samples, although the spectral
distribution and its modulation through the different angles of incidence
are specific to each sample.

The rest of the principal components might depict some specific ar-
tifacts in the spectral information of the measurements which depend
strongly on the specific sample and measurement. The analysis of the
physical meaning of these components is complex and has not been
addressed in this work.

Overall, Fig. 13 shows that more than 95% of the total variance
of the data can be described with only three principal components in
both cases. This indicates that the spectral reflectance or transmittance
measurements of sample M1-02, across all angles of incidence, can be
represented by three eigenspectra and their corresponding eigenvec-
tors. Our results show that this conclusion can be generalized to the
other samples. This enables a reduction of the input dimensionality in
simulation tools and might be used to improve database interoperability.

6. Conclusions

A methodology for evaluating the dependence of the spectral re-
flectance and transmittance of glazing samples on the angle of incidence
has been proposed, and measurements of spectral reflectance and trans-
mittance of more than 60 commercial glazing samples, which are
representative of those used in new and existing constructions, have
been carried out. The results of these measurements show a significant
dependence of the reflectance and transmittance of those glazing sam-
ples on the angle of incidence. Thus, including their reflectance and
transmittance values at different angles of incidence in energy simula-
tion software would benefit the energy efficiency assessment. However,
the inclusion of these data in commercial simulation software is not di-
rect, and requires further studies on the implementation of integration
methods. In addition, the results of the measurements of diffuse glazing

13

samples provide additional information on the reflected and transmit-
ted radiant flux distributions, which can be very useful for lighting
optimization.

The presented measurements in this work exhibit a gap between
780 nm and 900 nm due to the operational limitations of the spec-
troradiometers. However, since the evaluated samples do not present
abrupt variations in the refractive index within this gap, the missing
data could be obtained from a parametrization of the spectral depen-
dence of the parameters of the presented model, which is an ongoing
research. In addition, some methodological issues in the measurement
have been identified, and solutions have been proposed. However, the
measurement of IGU samples is still challenging and should be limited to
a maximum angle of incidence, depending on the number of layers and
the thickness of the sample, which might be sufficient for the proper
application of the model. According to the conventional IGU samples
measured in this work, an angle of incidence higher than 45° should
not be exceeded to avoid the main methodological issues. This, how-
ever, depends on the thickness of the sample, the angle of incidence and
the irradiation spot size. Thus, one could calculate the maximum angle
of incidence for their measurements, at which the second beam gener-
ated by the inter-reflections falls outside of the FOV of the detection
system, through simple trigonometry.

A method for applying a principal components analysis to the mea-
surement data has been proposed and the results on one of the samples
show that the relevant information about the spectral reflectance and
transmittance and their dependence on the angle of incidence could be
described even with only three principal components, which reduces the
amount of data by up to four times and benefits the data exchange. It
has also been demonstrated that such analysis allows for separating the
variation from angular and spectral variables, benefiting a better un-
derstanding of the data. However, a thorough analysis of the physical
meaning of the principal components of the different kinds of glazing is
not addressed in this work, and it could be addressed in future research.

Finally, a simple physics-based model has been used for non-diffuse
glazing samples, which can be fitted to the measurements with only two
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parameters for each wavelength or each spectral integration, as in the
case of solar reflectance and transmittance. These two parameters con-
vey information about reflectance, transmittance and their dependence
on the angle of incidence in a very simple way. Although the model is not
able to describe the physical properties of the evaluated glazing materi-
als, its main advantage lies in the low number of parameters that allow
the number of measurements needed to evaluate the reflectance and
transmittance of glazing samples to be reduced, avoiding those geome-
tries presenting methodological issues. The results shown in Section 5.2
indicate that the model is capable of reproducing the optical properties
of non-diffuse glazing systems, as the few observed discrepancies are
mainly attributable to measurement errors. In the case of IGU samples,
a more suitable approach would be to fit the model only using the mea-
sured values obtained at angles of incidence below 45°, assuming that
these values are not significantly affected by the methodological issues.
However, the applicability of the model is limited to single wavelengths
or integrated spectral ranges, which precludes the analysis of spectral
interference effects. Besides, this research does not take into account
the operability of glazing samples under different climatic conditions,
which can affect the effective refractive index and absorption coefficient
of glazing systems. In this way, the proposed model could be improved
by adding a thin layer of water on the outside surface to control the
humidity of the air.

Overall, this research establishes a benchmark for angular evalua-
tion of spectral reflectance and transmittance of glazing systems and
outlines the path forward for future research. Future efforts include the
extension of the methodology to different climates and different types of
glazing materials or the search of the optimal geometrical configurations
for the measurements to fit the model. Such efforts should also ad-
dress improving format compatibility and retrieval efficiency of the data
within mainstream building-simulation platforms, thereby maximizing
the practical impact of this research.
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